Experience-dependent plasticity during development results in the emergence of highly adapted representations of the external world in the adult brain. Previous studies have convincingly shown that the primary auditory cortex (A1) of the rat possesses a postnatal period of sensory input-driven plasticity but its precise timing (onset, duration, end) has not been defined. In the present study, we examined the effects of pure-tone exposure on the auditory cortex of developing rat pups at different postnatal ages with a high temporal resolution. We found that pure-tone exposure resulted in profound, persistent alterations in sound representations in A1 only if the exposure occurred during a brief period extending from postnatal day 11 (P11) to P13. We also found that postnatal sound exposure in this epoch led to striking alterations in the cortical representation of sound intensity.
Introduction
It is generally recognized that early life experiences have a major, long-lasting impact on adult brain perceptions. Impacts are achieved through experience-dependent plasticity, which enables individuals to adapt to a wide range of environments that can hardly be predicted by their genetic makeup (Rauschecker, 1999) . This brief postnatal epoch of heightened nervous system receptivity is commonly referred to as the critical period (CP) (Wiesel and Hubel, 1965; Simons and Land, 1987) . Although lifelong learning is possible, neural plasticity during the CP is extreme, facilitating the adaptation of the developing brain to its environment and providing it with a stable long-lasting experiential foundation. The amazing ease with which infants raised in different cultures or by different parents can naturally acquire the language of their surroundings (Goodman and Nusbaum, 1994 ) is almost certainly a manifestation of this early, intense cerebral plasticity.
A time-limited period of brain plasticity in development can potentially be problematic, when associated with an impoverished or distorted early environment. Normal development of spectral tuning is greatly altered in infant kittens or rats exposed to tonal stimuli (Clements and Kelly, 1978; Zhang et al., 2001) and is grossly degraded when rats are reared through the CP in modulated or continuous noises (Bao et al., 2003a; Chang and Merzenich, 2003) , and continuous noise exposure results in a prolongation of the CP duration. In humans, a history of chronic otitis media can affect the rate and quality of acquisition of normal language abilities (Moore et al., 1991) . Infants raised with continuously closed Eustachian tubes attributable to a deep cleft palate similarly develop degraded language abilities and cognitive impairments and are failed readers, unless their cleft palate is surgically repaired at a young developmental age. With their inherited defect in place, all language inputs received by these infants are grossly degraded; with surgical correction, high-fidelity speech reception is restored (Dorf and Curtin, 1982; Richman et al., 1988) .
The onset and duration of CP plasticity varies by sensory modality and in different mammalian or avian species. The CP is only a few days long and ends at around postnatal day 5 (P5) in the rat barrel cortex (Rice and Van der Loos, 1977; Schlaggar and O'Leary, 1993) although it extends for 2 weeks, beginning in the third postnatal week in the rat visual cortex (Fagiolini et al., 1994) . Interestingly, in the visual system of several species, the onset of monocular deprivation-related plasticity is closely linked to the completion of visual acuity development (Berardi et al., 2000 (Berardi et al., , 2003 Stern et al., 2001) . Further supporting the concept that regulation of the CP window is tied to sensory experience, normally patterned inputs are necessary for the development of normal cortical columnar organization and the timing of CP offset (Fagiolini et al. 1994; Zhang et al., 2002; Iwai et al. 2003; Chang and Merzenich, 2003) . This way, a premature closure of the CP could be prevented if insufficient or incoherent inputs are present during development.
Establishing the onset and duration of experience-dependent plasticity in the visual cortex has been instrumental for identifying many key aspects of its regulation (Taha and Stryker, 2005) . Although the critical period in the auditory cortex is known to follow the onset of low-threshold hearing at P11-P12, and is known not to extend beyond the first month of postnatal life (Zhang et al., 2001) , its onset and duration have not been determined in any mammalian species up to this time. As a first step toward a better understanding of the mechanisms regulating the CP in the auditory system, we here quantified the age-dependent effects of a monotone exposure on spectral tuning in the rat primary auditory cortex (A1). We found that our exposure protocol had profound persistent effects on frequency representation in the cortex only if the exposure started after P10 and before P14. We also found that this short 3 d period of plasticity coincides with an epoch of rapid maturation of cortical responses to simple tonal stimuli.
Materials and Methods
Mapping the auditory cortex. All procedures were approved under University of California San Francisco Animal Care Facility protocols. Seventy-two female Sprague Dawley rats aged P10 to P30 were premedicated with atropine sulfate (0.02 mg/kg) to minimize bronchial secretions and with dexamethasone (0.2 mg/kg) to minimize brain edema. They were then anesthetized with pentobarbital (35-60 mg/kg) and supplemental doses of dilute pentobarbital (10 mg/kg, i.p.) were given if necessary. Throughout the recording session, the depth of anesthesia was adjusted to keep the rat in an areflexic state while maintaining a physiological breathing rate. The cisterna magnum was drained of cerebrospinal fluid to minimize cerebral edema. The skull was secured in a head holder leaving the ears unobstructed. After, the right temporalis muscle was reflected, the auditory cortex was exposed and the dura was resected. The cortex was maintained under a thin layer of viscous silicone oil to prevent desiccation. Recording sites were marked on an amplified digital image of the cortical surface vasculature.
Cortical responses were recorded with tungsten microelectrodes (1-2 M⍀ at 1 kHz; FHC, Bowdoinham, ME). Recording sites were chosen to sample evenly from the auditory cortex at interelectrode distances of 125-175 mm, carefully avoiding surface blood vessels. At every recording site, the microelectrode was lowered orthogonally into the cortex to a depth of 470 -600 m (layers 4/5), where vigorous stimulus-driven responses were obtained. The neural signal was amplified (10,000ϫ), filtered (0.3-3 kHz), and monitored on-line. Acoustic stimuli were generated using TDT System III (Tucker-Davis Technology, Alachua, FL) and delivered to the left ear through a calibrated earphone (STAX 54) with a sound tube positioned inside the external auditory meatus. A software package (SigCal, SigGen, and Brainware; Tucker-Davis Technology) was used to calibrate the earphone, generate acoustic stimuli, monitor cortical response properties on-line, and store data for off-line analysis. The evoked spikes of a single neuron or a small cluster of neurons were collected at each site.
Frequency-intensity receptive fields (RFs) were reconstructed in detail by presenting pure tones of 50 frequencies (1-30 kHz; 0.1 octave increments; 25 ms duration; 5 ms ramps) at eight sound intensities [0 -70 dB sound pressure level (SPL) in 10 dB increments] to the contralateral ear at a rate of two stimuli per second.
Early exposure of rat pups. Litters of 3-4 P9 to P23 rat pups and their mothers were placed in a sound-shielded test chamber for 3-7 d. An 8 h light/16 h dark cycle was established. Two hundred and fiftymilliseconds-long 7 kHz pure tones were presented to rat litters 24 h/d at a sound level of 70 dB SPL with 500 ms quiet intervals. A 40 Hz amplitude modulation, at a depth of 1 (100%) was added to the tone to augment its richness and salience. No distortion or significant harmonic signal was found in the chamber when a tonal stimulus was delivered. In addition, there was no abnormality in the behavior of either the mother or pups during monotone exposure. The weights of all pups and mothers were monitored continuously. There was no weight loss compared with naive rats, indicating normal lactation. The activities during wakefulness and the sleep behavior of the rat were normal (i.e., revealed no signs of stress).
Data analysis. The characteristic frequency (CF) of a cortical site was defined as the frequency at the tip of the tuning curve. When a tuning curve had a broad tip or multiple peaks, the median frequency at the threshold intensity was chosen as the CF. Response bandwidths 20 dB above threshold (BW20) were defined for all sites. For multipeaked tuning curves, the response bandwidth was defined as the range from the lowest to the highest frequency at 20 dB about the most sensitive tips that activated the cortical site, possibly encompassing the frequencies in a trough of the tuning curve that did not activate the cortical neurons. The response latency was defined as the time from stimulus onset to the earliest response observed in the PSTH containing pooled responses for all frequency-intensity combinations. The CF, threshold and BW20 were determined by direct visualization of the tuning curve in the MatLab environment (The MathWorks, Natick, MA) using custom routines.
To generate cortical maps, Voronoi tessellation ("voronoi" is a Matlab function) was performed to create tessellated polygons, with the electrode penetration sites at their centers. Each polygon was assigned the characteristics (e.g., CF) of the corresponding penetration site. In that way, every point on the surface of the auditory cortex could be linked to the characteristics experimentally derived from a sampled cortical site that was closest to that point. The boundaries of the primary auditory cortex were functionally determined using the following criteria: (1) primary auditory neurons generally have a continuous, single-peaked, V-shaped receptive field, and (2) CFs of the A1 neurons are tonotopically organized with high frequencies represented rostrally and low frequencies represented caudally (Bao et al., 2003b) .
The tonotopic axis of the previously described CF maps was calculated by rotating the map to make horizontal a linear function fit of the penetration coordinates, using a least-squares method. After rotation, new x coordinates of penetrations in each rat were normalized to be within a range from 0.0 to 1.0, and penetration sites were plotted according to their CFs and x coordinates.
The rate (spike count)/level function at each recorded site was calculated by averaging responses to three frequencies centered on the CF (spanning 0.3 octave) for stimuli between 0 and 70 dB SPL. The spike rate was then normalized to the rate at the first inflection point (point at which the first derivative of the function is at an extremum) of the rate/ level function (see Fig. 8 B, C) . The segment of the rate/level function between the inflection point and the end of the data ("last segment") was then fit using a least-squares method. A response was designated as nonmonotonic if that last segment had a slope Ͻ Ϫ0.5%/dB and spanned at least 10 dB (Ramachandran et al., 1999; Bonham et al., 2004) .
Unless specified otherwise, statistical significance was assessed using unpaired two-tailed t tests. Data are presented as mean Ϯ SE.
Results

Opening of the CP
To determine the precise timing of the opening of the CP, rat pups were exposed to 3 consecutive days of 7 kHz pure tones of 70 dB SPL intensity (see Materials and Methods) starting at P8, P9, and P11 (Fig. 1 A) . Tone-evoked responses within the auditory cortex were reconstructed to document stimulus-specific changes 7 d after the end of the exposure period, at P17, P18, and P20, respectively. Stimulus-induced plasticity was measured by obtaining complete CF maps of A1 (see Materials and Methods) and then calculating the percentage of the area of A1 tuned to 7 kHz Ϯ 0.3 octave (Fig. 1 A) . The earliest exposure start date was P8, a date in postnatal development at which the auditory pathways are not activated by low-threshold air-conducted stimuli (Geal-Dor et al., 1993) .
The extent of A1 cortical area tuned to 7 kHz Ϯ 0.3 octaves in exposed litters was compared with age-matched naive controls. No significant expansion was found in the group exposed from P8 to P10 (P8 -P10 exposed, 17.5% Ϯ 1.3%, n ϭ 5; total number of sites, 226; naive P17, 14.4 Ϯ 1.58%, n ϭ 4; total number of sites, 176; p ϭ 0.21). If the exposure started only 1 d later at P9 (P9 to P11 exposure) a significant expansion of 7-kHz-tuned sites was found (P9 -P11 exposed, 25.7 Ϯ 1.4%, n ϭ 5; total number of sites, 224; naive P18, 13.3 Ϯ 1.1%, n ϭ 4; total number of sites, 205; p Ͻ 0.001). If the exposure spanned P11 to P13, the proportion of A1 tuned to 7 kHz was more than twice that of controls (P11-P13 exposed, 30.0 Ϯ 1.3%, n ϭ 6; total number of sites, 335; naive P20, 11.1 Ϯ 1.2%, n ϭ 5; total number of sites, 219; p Ͻ 0.001). This effect was not significantly different from the maximal effect obtained with the 7 d exposure (see below).
Closing of the CP
To estimate the date at which experience-dependent plasticity ends and to evaluate the impact of a longer exposure period, we exposed rat pups to 7 kHz tones for seven consecutive days starting at P9 or later ( Fig. 1 B) . This exposure was staggered over different postnatal periods and the effect of this exposure on 7 kHz representation in A1 was measured at the end of the seventh day of exposure. The maximal effect was obtained in litters mapped at P16, P17, P18, and P19 (exposure start date of P9, P10, P11, and P12, respectively). Rats in these litters had a highly significant, greater than twofold expansion of A1 sites tuned to the stimulus frequency Ϯ0.3 octaves (exposed, mapped at P16 -P19 average, 32.1 Ϯ 1.50%, n ϭ 10; total number of sites, 406; age-matched naive average, 13.9 Ϯ 0.68%, n ϭ 9; total number of sites, 426; p Ͻ 0.0001). A representative CF map of one naive rat and a typical sound-exposed rat are shown in Figure 2 A, B. For litters mapped at P20, a significant over-representation of sites tuned to 7 kHz was still found (exposed, mapped at P20, 23.4 Ϯ 1.32%, n ϭ 3; total number of sites, 121; naive, mapped at P20, 10.8 Ϯ 1.31%, n ϭ 3; total number of sites, 131; p Ͻ 0.01). No significant distortion of frequency representation in A1 was observed if the exposure was started at P14 or later (controls, n ϭ 7; exposed, n ϭ 11; p Ͼ 0.2).
CP exposure drives persistent changes in A1 tuning
The cortical alterations caused by sensory deprivation or disturbance during the CP are generally considered to be long lasting (Hensch, 2004) . To evaluate the long-term impact of monotone exposure during the CP, we exposed rats to 5 d of pulsed 7 kHz pure tones starting 1 d before the onset of the CP (P10) and ending 1 d after its closure (P14) (Fig. 3) . The rats were then returned to a neutral auditory environment and mapped at P60. The percentage of the area of A1 tuned to 7 kHz Ϯ 0.3 octave was measured and compared with aged-matched controls. We found that Ͼ6 weeks after the end of the exposure, at P60, rats in the exposed group had a significantly enlarged 7-kHz-tuned area compared with controls (exposed average, 27 Ϯ 4.6%, n ϭ 4; total number of sites, 195; controls average, 14.9 Ϯ 1.9%, p Ͻ 0.01, n ϭ 4; total number of sites, 211). The magnitude of the effect observed here was not significantly different from the distortion found with the 7-d-exposure litters. Of note, the area of A1 tuned to 3 kHz was significantly lower in exposed litters compared with controls (exposed average, 6.2 Ϯ 0.7%, n ϭ 4; controls average, 11.1 Ϯ 0.8%; p Ͻ 0.01).
CP exposure to 7 kHz causes an under-representation of low frequencies in A1
How does 7 kHz tone exposure during the CP impact the total area of the functionally defined A1, and how does it impact the representations of other frequencies within A1? Results were obtained from litters exposed for 7 d to 7 kHz and were grouped by day of mapping in 3 d bins centered at ϳP17, P20, P24, and P30. Our exposure protocol led to a significant 19% reduction in total A1 size for animals mapped at P17 Ϯ 1 d (exposed average, 1.037 Ϯ 0.04 mm 2 , n ϭ 11; naive average, 1.277 Ϯ 0.04 mm 2 , n ϭ 9; p Ͻ 0.01). A significant lesser reduction in A1 size was still found for litters mapped at P20 Ϯ 1 ( p Ͻ 0.05) but not for rats mapped after P20. CF map from a naive P18 rat (A) and from a rat exposed to 7 kHz pure tones throughout the critical period, then mapped at P18 (B). C, D, Distribution of tuning curve CFs plotted against a normalized tonotopic axis (see Materials and Methods) in litters of naive controls (C) and litters exposed during the CP (D). Note the increased number of recording sites at which neurons were tuned to 7 kHz in the exposed group (arrow). Scale bar, 0.5 mm. X, Unresponsive cortical site; O, non-AI cortical site (see Materials and Methods); D, dorsal; C, caudal; R, rostral; V, ventral. (exposed, n ϭ 9; recorded sites, 458; naive, n ϭ 9; recorded sites, 479.)
An expansion of 7-kHz-tuned sites in the context of a reduction in the size of A1 in exposed animals has to occur at the expense of sites tuned to other frequencies. That fact can be visualized in Figure 2 , C and D, where the CF of each tuning curve recorded within A1 is plotted against a normalized tonotopic axis (see Materials and Methods). Figure 2 D shows pooled recordings from exposed litters mapped at P17, P18, and P19 (n ϭ 9; total sites, n ϭ 458) and Figure 2C shows the distribution of tuning curve CFs from pooled age-matched controls (n ϭ 9; total sites, n ϭ 479). Examination of the CF distribution in the exposed group immediately reveals an over-representation of sites tuned to 7 kHz and a relative under-representation of sites tuned to immediately adjacent frequencies, especially in the 2-5 kHz range. These differences were quantified and the results can be visualized in Figure 4 A-C. For this analysis, litters exposed to 7 d of 7 kHz tones were grouped in 3 d bins centered ϳP17, P20, and P23. For rats mapped at P17 (exposed, n ϭ 13; number of sites, 527; naive, n ϭ 11; number of sites, 512), there was a significant near 50% reduction of the area of A1 tuned to 2.3 kHz (exposed average, 9.8 Ϯ 1.7%, n ϭ 13; naive, 17.1 Ϯ 1.6%; p Ͻ 0.01) and 3.0 kHz (exposed average, 10.6 Ϯ 1.7%, n ϭ 13; naive, 15.7 Ϯ 1.7%, n ϭ 11; p Ͻ 0.05). A1 tuning to higher frequencies was also found to be reduced between 12 and 21 kHz but the difference was not statistically significant (for 21 kHz tuned sites, exposed average, 16.0 Ϯ 2.5%, n ϭ 13; naive, 22.2 Ϯ 2.1%, n ϭ 11; p ϭ 0.08). For rats mapped at P20 (exposed, n ϭ 6, number of sites, 251; naive, n ϭ 5; number of sites, 219), a lesser but significant reduction in A1 tuning to 2.3 and 4.0 kHz was still found (for 2.3 kHz tuned sites, exposed average, 12.8 Ϯ 1.4%, n ϭ 6; naive, 20.0 Ϯ 2.6%, n ϭ 5; p Ͻ 0.05). No significant difference was found in A1 frequency representation for litters mapped at P23 or later (n ϭ 11 for exposed, number of sites, 461; n ϭ 7 for controls, number of sites, 291).
Changes in CF maps as shown above addressed the effect of the 7 kHz exposure on RF tuning at threshold, the CF, but did not look at response changes at different sound intensity levels. For this analysis, the proportion of the area of A1 showing toneevoked spiking was calculated for every sound-intensity combination used for mapping (Fig. 4 D-F ) . Litters that received a 7 d exposure ending at P18, P19, and P20 were grouped and compared with age-matched naive controls (number of exposed rats, 9; total sites, n ϭ 458; number of exposed rats, 9; total sites, n ϭ 479). As expected, a significant increase in activity was found in the exposed group for frequencies close to the exposure stimulus, between 4.3 and 8.0 kHz, for intensities between 30 and 70 dB SPL. For example, at 60 dB SPL, on average 57.2 Ϯ 2.9% of A1 was activated by a 7.0 kHz tone in the exposed litters whereas 43.7 Ϯ 3.4% of A1 was activated by the same tone in controls ( p Ͻ 0.05) (Fig. 4 D-F ) . In contrast, cortical activity in A1 was found to be significantly decreased for frequencies ranging from 1.4 to 4.9 kHz between 30 and 60 dB SPL. For instance, at 50 dB SPL, on average 18.7 Ϯ 11.1% of A1 was activated by a 2.47 kHz tone in the exposed litters whereas 32.3 Ϯ 7.1% of A1 was activated by the same tone in controls ( p Ͻ 0.05; n ϭ 9). A significant 9.6% decrease in cortical activity was also found for higher frequencies (18.5-21.3 kHz) but only at 30 dB SPL in the exposed group compared with controls. (P10) and ending 1 d after the closure (P14) to finally be mapped at P60. Bottom, Difference in frequency tuning between exposed and naive rats expressed as A1 percentage and separated by CF for litters mapped at P60 (controls, n ϭ 4; exposed, n ϭ 4). B, C, Representative A1 CF maps from a naive P60 rat (B) and from a rat exposed to 7 kHz pure tones throughout the critical period, between P10 and P14, and then mapped at P60 (C). Values shown are mean Ϯ SE. **p Ͻ 0.01, t test. D, Dorsal; C, caudal; R, rostral; V, ventral. , and P23 (C). These rats were exposed for 7 d of 7 kHz pure tones and mapped on the seventh day of exposure (exposed, n ϭ 9; naive, n ϭ 9). D, E, Percentage of A1 activated by every frequency-intensity combination used for mapping in naive (D) and CP tone-exposed (E) rats. F, Difference in percent of activation between CP toneexposed and naive rats (exposed, n ϭ 9; naive, n ϭ 9). **p Ͻ 0.01, t test. and the primary visual cortex (Berardi et al., 2000) , the CP for experiencedependent plasticity is temporally linked to the maturation of peripheral sensory end organs and the emergence of cortical responses to sensory input. To assess the state of maturity of the primary auditory cortex of the rat during the CP, we examined the response characteristics of the primary auditory cortical neurons in naive rat pups between P10 and P60 (n ϭ 3 between P10 and P14; n ϭ 6 for P17; n ϭ 4 for P30; n ϭ 4 for P60). The sound intensity thresholds, onset latencies and bandwidth at 20 dB above threshold (BW20s) of pure tone-evoked cortical responses were measured in developing rats and compared with . For this analysis, cortical sites were divided in low CF sites (1-5.6 kHz) and high CF sites (5.7-30 kHz).
No tone-evoked responses could be obtained in 10-d-old rats for pure tones or noise bursts of 80 dB SPL or less. At P11, the earliest age at which tone-evoked responses could be obtained in the cortex, responses were found only for relatively high-intensity stimuli (threshold average, 57.8 Ϯ 4.3 dB SPL; number of sites, 44) and the average cortical area responding to tonal stimuli was Ͻ25% of the average P60 A1 area (P11 area average, 0.30 Ϯ 0.087 mm 2 ; P60 average, 1.24 Ϯ 0.1 mm 2 ; p Ͻ 0.001, ANOVA). Receptive field CFs were limited to frequencies between 6.0 and 9.9 KHz. Rapid changes occurred over the subsequent 3 d, and by P14 the auditory cortex had adult-like excitatory responses to simple tones and A1 could be readily identified using conventional criteria (see Materials and Methods). At P14, A1 map size (Fig. 6 D) did not differ from A1 size recorded at P60 (P14 average, 1.29 Ϯ 0.069 mm 2 ; P60 average, 1.24 Ϯ 0.1 mm 2 ; p Ͼ 0.2, ANOVA). Thresholds (Fig. 6 B) of high CF sites at P14 were not different from the P60 value (P14 high CF sites average, 19.0 Ϯ 4.3 dB SPL; number of sites, 87; P60 high CF sites average, 14.6 Ϯ 1.0 dB SPL; number of sites, 146; p Ͼ 0.2, ANOVA). At P17, thresholds of low CF sites were similar to P60 values (P17 low CF sites average, 40.1 Ϯ 6.8 dB SPL; number of sites, 41; P60 low CF sites average, 40.5 Ϯ 1.2 dB SPL; number of sites, 65; p Ͼ 0.2, ANOVA). Low CF sites (as defined above) could be recorded starting only at P13, and the range of tuning curve CFs at P14 was equivalent to the range found in P30 animals (1.5-30 kHz; note that only frequencies between 1 and 30 kHz were tested).
Response BW20s were measured be- tween P11 and P60 (Fig. 6 A) Exposure to 7 kHz pure tones during the CP (P11-P13) or up to P30 had no significant effect on tuning bandwidth, thresholds or latencies for sites tuned to a wide range of frequencies. (Fig.  7A-C) .
Pure tone exposure increased the number of sites with nonmonotonic rate/sound level functions Rate (spike count)/sound level (intensity) functions were determined for every recorded site in rats exposed between P11 and P13 (total number sites, 406) and in age-matched controls (total number sites, 438). A recorded site was defined as being nonmonotonic if the slope of the last segment (see Materials and Methods) was Ϫ0.5%/dB or less (Bonham et al., 2004) . Results are shown in Figure 8 . The proportion of nonmonotonic sites was greater in rats exposed to 7 kHz during the CP compared with controls (15.8 Ϯ 1.2 vs 7.6 Ϯ 1.9%; p Ͻ 0.01; n ϭ 10 for exposed; n ϭ 9 for controls). If recorded sites were separated in 7 kHz Ϯ 0.3 octave or non-7-kHz-tuned sites, this effect was still present and significant for both groups (7-kHz-tuned sites, 18.0 Ϯ 2.7% vs 6.4 Ϯ 2.4% for controls, p Ͻ 0.01; non-7kHz sites 14.9 Ϯ 1.4% vs 7.8 Ϯ 2.0% for controls, p Ͻ 0.01; exposed group: total of 7 kHz sites, 136; total of non-7 kHz sites, 270; control group: total of 7-kHz-tuned sites, 70; total of non-7 kHz sites, 368). A small but significant difference was also found between the mean slope per animal of the last segment of the rate/level function in litters exposed during the CP and controls (0.36 vs 0.69%/db; p Ͻ 0.05; n ϭ 10 for exposed; n ϭ 9 for controls). That difference was accounted for by 7 kHz sites (0.20%/dB for exposed vs 0.47%/db for naive; p Ͻ 0.05; exposed group: total of 7 kHz sites, 136; total of non-7 kHz sites, 270; control group: total of 7-kHz-tuned sites, 70; total of non-7 kHz sites, 368). No difference was recorded for non-7 kHz locations.
Discussion
Definition of the critical period window for the rat primary auditory cortex, A1 Continuous exposure to pulsed 7 kHz tonal stimuli in rat pups reared in a quiet environment resulted in a large expansion of sites tuned to that frequency in the primary auditory cortex (A1), only if that exposure occurred between P11 and P13. As for V1 CP plasticity, the effects observed here were persistent, still demonstrable several weeks after the end of the sensory manipulation. This is the first study determining the onset, duration, and offset of the critical period (CP) in A1, in any mammalian species.
The magnitudes of changes observed were similar to those seen in previous studies in which the sound exposure extended from before to several weeks after closure of this narrow critical period window (Zhang et al., 2001 ). Early postnatal sound exposure-driven plasticity has also been documented in the auditory brainstem (Clopton and Winfield, 1976; Sanes and Constantine-Paton, 1983; King et al., 1988; Poon and Chen, 1992; Knudsen, 1998) , and it is possible that the distortions in spectral representation recorded here at the cortical level largely reflect subcortical changes. However, given the rapidity of these plastic changes, and given compelling evidence that the auditory cortex, via top-down control controls the spectral selectivity of neurons in the thalamus and inferior colliculus Suga, 1996, 1998; Zhang and Suga, 1997; Rauschecker, 1998) , addi- , and onset latencies (C) separated by characteristic frequency in rats exposed (dark bars) throughout the CP (n ϭ 9) and in naive (light bars) rats (n ϭ 9).
tional studies shall have to be conducted to disambiguate the cortical versus subcortical origins of this plastic remodeling of A1 responses. Until such studies are completed, the most conservative approach is to view cortically recorded changes as a probable product of early auditory system plasticity, contributed to by coordinated cortical and brainstem changes.
The relatively short A1 CP we evidenced is comparable in length to the CP in the rat somatosensory (S1 barrel-field) cortex (Rice and Van der Loos, 1977; Schlaggar and O'Leary, 1993) . However, it is much shorter than the ϳ4-week-long CP recorded in the rat's primary visual cortex, V1 (Fagiolini et al., 1994) . In V1, BDNF (Hanover et al., 1999) and the development of GABAergic projections have been shown to play a key role in the onset of the critical period (Fagiolini and Hensch, 2000; Fagiolini et al., 2004) . Similarly, dark-rearing delays the onset of the critical period (Mower, 1991; Iwai et al., 2003) . Strikingly, once triggered, the critical period is always of a fixed duration. Factors that may close the critical period have recently involved the extracellular matrix, such as perineuronal nets (Pizzorusso et al., 2002 (Pizzorusso et al., , 2006 and myelin-related signals (McGee et al., 2005) .
As in V1, the development of normal tonotopic organization and frequency tuning in A1 appears to require exposure to normally patterned sound inputs (Zhang et al., 2002 ) (for an example of inferior colliculus, see Sanes and Constantine-Paton, 1985) . Even more compellingly, continuous white-noise rearing, like dark-rearing for V1, results in an indefinite prolongation of the A1 CP window Merzenich, 2003, 2005) suggesting that the structure of the auditory environment plays an important role in the gating of the critical period. The duration and offset of the critical period in A1 might therefore be substantially influenced by the complexity and variability of sounds present in the early postnatal environment and an exposure using more complex "natural" stimuli could lead to a different, potentially longer CP window estimation. In contrast, a monotonous, highly structured stimulus as the one used in this study could have promoted an accelerated closure of the CP by massively engaging auditory cortical neurons. It is worth mentioning that Zhang et al. (2002) examined the effect of an early broadband stimulus exposure and found that a 20 d pulsed-noise exposure significantly degraded frequency tuning in A1 only if the exposure occurred between P8 and P28 but not after P30.
Despite the fact that mammals possess a precise frequencybased cortical representation of sound, pure tones are not common in natural auditory environments. Although facilitating greatly the precise identification of stimulus-specific changes in the developing cortex, the use of pure tones in our exposure protocol could have prevented us from evidencing a longer plasticity window for higher-order neuronal properties. It should be noted that two reported series of experiments have described the consequences of rearing rats in a very complex stimulus environment extending from before hearing onset (before P10) to far beyond the end of the critical period as determined in this study.
Both revealed the emergence of a higher preponderance of inseparable spectrotemporal feature-selective neurons in A1, and both recorded what appeared to be an intermediate stage of plasticity at the end of complex sound exposure (P28 to P30) with still greater environmental-sound-stimulus-specific changes recorded in P80 -P100 (infant-exposed) rats (Bao et al., 2003a; Nakahara et al., 2004b ) (S. Bao and H. Nakahara, personal communication). Nakahara et al. (2004a,b) have also demonstrated that early exposure to sequenced sound stimuli results in the emergence of combination-selective (sequence-specific) A1 neuronal responses. Previous studies have shown that the maturation of temporal modulation response characteristics dependent on a progressive change in inhibitory time constants, and the maturation of side-band inhibition contributing to the sharpening of response tuning in A1 are delayed in their emergence to an epoch well beyond (up to P35-P45) the critical period time window we described here (Chang et al., 2005) . These examples suggest, like in V1, the existence of different successive CP epochs for distinct aspects or complexity of sound representation in the auditory system and the brief CP window for spectral tuning we described could be an essential initial foundation for the subsequent consolidation of more complex sound representations. Maturity of A1 defined in the current study by simple measures of toneevoked tuning, growth of response magnitude versus intensity functions, and tonotopy may therefore only incompletely describe the evolution of the functional A1 by sound exposure in the CP epoch. Ongoing studies are now directed toward determining the influence of sound input quantities, complexities, and variability, as modifiers of A1 CP onset, duration, and closure.
Paradoxically, overall A1 area was reduced in sound-exposed litters, despite the elaboration of representation of the environmentally delivered tonal stimulus. Exposure to 7 kHz tones during the CP also resulted in a significant under-representation of Figure 8 . CP exposure increases nonmonotonicity. A, Proportion of recorded sites per animal with nonmonotonic rate-level functions (see Materials and Methods) in A1 in exposed (E) and naive controls (C) grouped by frequency tuning (left, all sites recorded; middle, sites tuned to 7kHz Ϯ 0.3 octave; right, non-7-kHz-tuned sites; exposed, n ϭ 9; naïve, n ϭ 9). B, C, Representative rate-level functions of a nonmonotonic site (B) and monotonic site (C) recorded in a tone-exposed animal and a naive control, respectively. m, Slope of segment between inflection point (arrow) and end of data. **p Ͻ 0.01, t test.
immediately lower sound frequencies. Similar competitive effects have been recorded in earlier CP sound exposure studies (Zhang et al., 2001; Merzenich, 2003, 2005; Nakahara et al., 2004a,b) and are analogous to the cortical rearrangements seen after monocular deprivation in V1 (Shatz and Stryker, 1978; LeVay et al., 1980) or after digit amputation in S1 (Merzenich et al., 1984) . In V1, the preferential stabilization of certain thalamocortical connections appears to be tightly linked to correlated electrical activity during the CP (Wiesel and Hubel, 1963; Guillery and Stelzner, 1970; Shatz, 1990) . The highly structured stimulus we used could have favored the development of cortical areas receiving 7 kHz input over those mainly activated by non-7 kHz stimuli. Similarly, such a simplified auditory environment with most of its sound energy at 7 kHz could have led to a simplified, smaller A1. The greater vulnerability of lower tuned sites can possibly be explained by their inherently higher threshold, exaggerating further the activity discrepancy favoring 7 kHz tuning in the cortex.
Rather surprisingly, pure tone exposure during the CP had no effect on A1 response thresholds, latencies, or tuning bandwidths. In rats undergoing exposures to different frequencies on different postnatal exposure schedules, Zhang et al. (2001) described a modest but significant BW10 increase for rats exposed. The immaturity before P20 of an intracortical inhibitory network capable of modulating tuning bandwidth in A1 (Kaur et al., 2004; Chang et al., 2005) could explain the lack of effect on BW20s. The stability of threshold and latency measurements despite CP exposure could reflect the reliance of these response properties on largely inflexible electromechanical properties of the peripheral auditory system and subcortical structures (Ehret and Romand, 1992) .
Changes in the GABAergic system in the rat auditory cortex parallel changes in excitatory receptive fields, inhibitory receptive fields, and temporal response characteristics in A1 (Chang et al., 2005) . It is therefore possible that the anesthetic used in this study influenced the estimation of threshold, bandwidth, and latency in younger animals. It is, however, unlikely that the anesthesia biased the main result of this study (CP window) because the exposure during early development was done on unanesthetized animals. Furthermore, the dependent variable measured to quantify the opening and closing of the CP is based on total A1 area size and RF CF, which, in subcortical nuclei and in the auditory cortex, tends not to be significantly influenced by the type of anesthetic used (Astl et al., 1996; Cheung et al., 2001 ).
Impacts of exposure on the A1 representation of sound intensity
Neurons with nonmonotonic rate/sound level functions play an essential role in sound intensity coding in the auditory system (Phillips and Irvine, 1981; Sutter and Schreiner, 1995) , providing the brain with crucial information necessary for vocal communication and the perception of the distance separating an animal or human from other sound sources (Moore, 1995) . Seven kilohertz CP exposure resulted in a significant increase in nonmonotonic discharge rate versus stimulus intensity functions for neurons recorded within A1, for both 7-kHz-tuned and all other A1 receptive fields (also see Zhang et al., 2001) . Similar changes in "intensity functions" have been recorded in adult rats that have been behaviorally trained to detect sounds of a specific loudness (Polley et al., 2004 , and in adult rats in which sound stimuli of a given intensity have been paired with pulsed acetylcholine release (Bao et al., 2004) . Recent studies have shown that this behaviorally driven remodeling in older rats is accounted for by specific changes in cortical inhibitory input strengths that emerge at higher stimulus levels (Tan et al., 2006) , consistent with the long-standing argument that nonmonotonic intensity functions are shaped by local (in A1, cortical) inhibition (Phillips et al., 1985) . This striking sound exposure-induced effect suggests that simple pure-tone exposure during the CP induces inhibitory response remodeling in the cortical network itself. These current studies strongly indicate that there is some capacity for plasticity of inhibitory influences in the CP [as have been richly documented in V1 (Fagiolini and Hensch, 2000; Morales et al., 2002; Iwai et al., 2003; Hensch, 2005) ] in these very young rats.
It might be noted that the "best levels" for nearly all nonmonotonic intensity functions generated in these exposed rats were for sound intensities at or below the intensity applied in the exposure environment (data not shown). This indicates that, as in the case of behaviorally trained animals (Polley et al., 2004 , the specific sound intensities received by the rat pups in the exposure appeared to account for a selective change in inhibitory vs excitatory inputs that was specific to the applied stimulus intensities.
The almost equal extension of these effects to sectors of A1 representing non-7 kHz sound frequencies is of special interest because it implies that local stimulation can result in a distortion in the representation of sound intensity that applies for all simple acoustic inputs. Distortions in loudness representations are a common aspect of developmental impairments in language and cognition (Khalfa et al., 2004; Richardson et al., 2004) . These results bear implications for understanding the origins of what can be general, severe perceptual distortions of loudness in these special child populations.
Relationship of the CP window to auditory system development Tone-evoked responses were initially recorded in A1 in these rats at P11. As noted by Zhang et al. (2001) , they were initially limited to the midfrequency sound range, and effectively excited only by relatively high-intensity stimuli. Over the subsequent 3 d, extensive changes led to the emergence of simple, adult-like lowthreshold receptive fields, and to adult-like tonotopy. These findings are consistent with several studies that have documented a rapid maturation of the peripheral and central auditory system during the same developmental period in the rat. For example, the first auditory brainstem responses for air-conducted stimuli are obtained between P10 and P12 (Iwasa and Potsic, 1982; Blatchley et al., 1987; Geal-Dor et al., 1993) . The cochlea undergoes its most dramatic postnatal changes between P12 and P14 (Puel and Uziel, 1987; Oliver and Fakler, 1999) , and the tonotopic map within the medial nucleus of the trapezoid body in the pontine brainstem reaches its adult functional status by P14 (Friauf, 1992) . At the cortical level, evoked potentials are first recordable at P10, and by P14, all of the components of an adultlike evoked response are present (Mourek et al., 1967) . Metherate and Aramakis (1999) studied intrinsic properties of neurons in the rat auditory cortex and found that on-spiking and rectifying cells, which may promote the influence of transients in shaping cortical circuitry, grow progressively in numbers between P11 and P15. Finally, the end of the second week of life in the rat (P11 to P14) marks the emergence of the auditory orientation responses (Kelly et al., 1987) . This behavioral change is paralleled by a rapid increase in the frequency and complexity of rat pup calls (Brudzynski et al., 1999) .
Before P13, only high-intensity stimuli drive the immature auditory system. Using a normalized, louder sound stimulus at early dates to compensate for higher thresholds could potentially have led to an earlier estimated date for the opening of the CP. The shift would however have been of at most 1 or 2 d because before P9, even sounds of 110 dB cannot elicit auditory brainstem responses (Geal-Dor et al., 1993) .
In our study, we found that receptive fields in A1 were sharply tuned to tonal stimuli at very young ages, with BW20s being narrower at P11 than at P17, when values appeared to plateau. This result is similar to findings in the developing cat cortex (Eggermont, 1996; Bonham et al., 2004; Pienkowski and Harrison, 2005) , but differs from previous rat study descriptions (Zhang et al., 2001; Chang and Merzenich, 2003) . This discrepancy in rats likely stems from differences in the sampled cortical area. More broadly tuned sites included in the latter studies would have been excluded in the present study as non-A1 sites.
The further study of CP plasticity in the rat A1 With this definition of the time of onset, duration, and closure of the CP, many additional studies of the powerful plasticity marking this early hearing epoch in the rat can be undertaken. This is an especially exploitable model because of the facility with which the exposure environment can be manipulated.
The short duration of the CP limited to the period of maturation of hearing in the rat raises interesting questions about its neurobiological significance for this rodent. In general, rat dams rear their litters in quiet, protected environments. Because the auditory system and cortex are subject to potential large-scale distortions over this epoch, that sequestering of pups in a quiet nest might be viewed as an ethological strategy for limiting any uncontrolled distortions in auditory representations that might confer later competitive disadvantages. A large proportion of the sounds in the nesting environment are generated by the movements and vocalizations of the dam and her pups, and there is a sharp increase in vocal productions during this early hearing (CP) period. There is a high likelihood that the specific environmental sounds associated with this epoch will be representationally exaggerated through CP plasticity. In that event, those early changes might facilitate the later communication and social interactions of conspecifics. Current studies are being conducted to determine if that is indeed the case.
